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(54) Title: ADAPTIVE BIT ALLOCATION FOR VARIABLE BANDWIDTH MULTICARRIER COMMUNICATION 
(57) Abstract 



Data is (iisiributcd among the channels of an asynchronous data 
subscriber loop (ADSL) communications system in accordance with 
an adaptive algorithm which from time to time measures the signal 
to noise ratio of the various chaiincls and finds a margin for each 
channel dependent on achievement (where possible) of a giveh^ W 
error rate and a desired data transmission rate. The margin distribution 
is achieved by augmcnUiTfg::thc, <^ 

to enhance computational efficiency and allow redcferminarion of 
bit allocation tables-during transmission as necessary. Pairs of bit 
allocation tables are^ maintained at the transmitter and receiver and 
one table of each pair at the transmitter and receiver is updated while 
the other pair is in use for controlling conmiunication. - ? 
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ADAPTIVE BIT ALLOCATION FOR VARIABLE B AMD WIDTH MULTICARRIER COMMUNICATION 



' • ■ TECHNICAL FIEU);" \ . 

This application relates to the field of electronic cdrrimiinicatioh arid^^ 
5 ticiilarly to the field of muhiband digital s^^ cdinmiihicatiori. v:- 
BACKGROUND QFTHE INVEN™ 

Conventional multicarrier digital dornrniihiGatidn is a technique for tfahsrhiu^^^ 
and receiving digital signals using a plurality caniers (subchannels) haying dif^^ 
quencies Each of the subchannels is used to conirnunicate a different portioa^o 
IP naJ. The transmitter divides the signal into a n 

ponent to- a specific one of the caniers, encodes e^ch of the cajTie^^^ 
component assigned thereto, and transmits each of the carriers^ The receiy^ 
each received; earners ^a 

The maximum amount, of information that can be encoded onto a particular sub- 
^15 carrier is a fijnction of the signal tonnoise ratio of the comrnunicatipn channel with xe^ 
spect to that siibcarrier. The signal to ppise^^:f^^^^^ a, communication channel can vary 
aecordihg toirequency so that t^he ma>jrnurn amounl.of information; that can 
^ oritb one carrier may be di^^ maxiinurn ambun^^ of infonniation that cjut^^^^^^ 

; encoded bntO; another eanier.v^^ ; ^ / 

20 Bit loa^iing is a technique for assigning bils tb stibchaiinels 

subchannel's sighal to^ noise-ratio> A bit loading algo^^^ allocation table 

that indieatesrthe ampijnt of 11^^^ bits) that is to be; encoded on each of the 

carriers; That iSvvfor a mUlticarrier conimunieation systeni wit^ carriers, a bit alldcation 
table B[j] indicates, fpr each j;= 1 tp the ampynt qf^mforination thatis to be enc^ed 

25 onto each of the J carriers, , ; > IK 

Shapirig the; transmission to mateli the chanfiel characteristics is known: Fbr ex- 
ample, a technique khown as "water pouring" was introduced by Gallager in 1968 
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(''Infonnation Theory and Reliable Communication", page 389) and by Wozencraft in 
1965 ('Trinciples of Communication Engineering'^ pp. 2^^ 

volves distributing the energy of the transmission signal according to the chianhel fre- 
quency response curve (a plot of the signal to noise ratio as a fijnetion of frequency). 

5 The frequency response curve \i inverted and the available signal energy (the "water'') is 
"poured- ■ into ibe inverted curve so that niore of the energy is distributed irito those 
portions of the channel having the highest signal . to npise raiip. In a multicarrier syste:m 
in which the transmission band is divided into numerous subcharinels, throughput can be 
maximized by putting as many bits in each subearrier as carv be isupported giveii the 

10 "vy'atenpoyring'y energy and a 

Gther techniques for allocaling bits among carriers of a multicarrier signal are 
kjvowri. U SrPat discloses a bit loading scherne 

where one bit at a lime is ihcremenially added to each subcarrier until a maximum^^^^^^ 
achieved; ' Subcarriers that require the least amount of additional power to support an 
15 additibnal bit are selected first. ■ : 

U.S. Patent No. 5,479,477 to tHow et aL discloses a bit loading scheftiie thiat is 
capable of either rhaximizing the throughput or maxirruzing the margin for a particular 
target data rate. Unlike Hughes-Hartogs, Chow et al. deierrnines the bit loading table 
. orieftarrier at a time^ 

20 ' iorted in descending order According to the measured signal to hoise r^tip. The initial 
' subchannds that afe^^5^^ of earrjdng the nf^ost bits. Using the 

Chow et al. scheme to maximize the data rate provides a bit loading table sirnilar to that 
provided by the Hughes-Ha^ 

In-order fbrthe receiver ta correctly in^ 
. 25 traiismitteir arid the rec^eiver must use the same bit loading tablei When^^ 

^ algbrithni is performed during the initialization phase of communication^ the resulting bit 
illdcatiori table is cor^ 

both the transmitter and the receiver are using the same bit loading table. However, in 
; ; the event that the communication channel signal to noise ratio characteristics change 
30 during convnunic:atipn, it may be necessary to update/change the |?it allociation table to 
morie appropriately rnatch the transnriission with the channel character However, 
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when the bit allocation table is changed, it is necessary to syncluonize use of the new 
table with both the transmitter and the receiver. If the transmitter and the receiyer use 

different bit allocation tables at any time, the communications link will suffer significant 
en^ors in those subchannels in which the bit allocation tab 

5 In addition, determining a hew bit allocation table can be time consuniihg, espe- 

cialiy if the bit loading algorithiri is coifnjDutatiorially intensive, such as that disclosed by 
Hughes-Hartogs where the bit allocation table is cori^tructed one bit at a time. If the bit 
allocation table is to be calculared many times during communication between the ^ ■ 
transmitter and receiver, then spending a relatively long amount of time recalculating the 

10 bit aliociatipn table (and hence not comm 

One solution is to simply not change tile bit loading table after ihitializattbii. 
However, this may be unacceptable in cases where the commurucatiqn cha signal to 
noise ratio changes during data transmission. Accordingly, it is desirable to be able to 
determine a bit loading table relatively quickly and to be able to synchronize use of the 
IS ne\y table by the transmitter and the receiver. 

SUMMARY OF THE INVENTION 
In accordance with the present invention, a pair of bit allocation tables are 
maintained at both the transniitter and the receiver: These tables are updated as needed, ; 
using nieasurements of the signal td noise ratio perfornied on known data transriutted to 

20 the receiver in a control frame separate from the data frame; The transniitter signals the 
receiver as to which of the two tables is to be used for subsequent cprnmunication; 
Preferably, this is done by transmitting a flag from the transmitter to the receiver at some 
point during the data transmission; this causes the receiver to thereafter switch the bit 
loading table it is using for comrnunication to synchroru2;e with the corresponding table 

25 at th? transmitter. ; 

In the preferred embodiment of the invention, although the invention is not re- 
stricted thereto, 69 "frames" of 245.5 microseconds duration each are used to form a 
"superframe" of 1 6.94 nulliseconds, The first frame of each superframe comprises a 
control frame that is used to transmit a standard (known) data set from the transmitter 

30 to the receiver; the remaining frames contain data. The receiyer measures the signal to 
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noise ratios of the received data in this frame for each of the channels and uses this to 
calculate chaJihel bit allbeations for subsequent data transmissioris. In practice, it has 
hot been found necessary to calculate the signal to noise ratios for each and every super- 
frame, although this can, of course, be done. Rather, we have found it sufficient for 
5 most data transmissions to measure the signal to noise ratios of the channels over several 
frames, average thern, update the bit allocation tables based on the resultant yalue^, arid 
use the bit allocations tables SQ 

.ftarnes,.^' '^.^-..v';. m-.. :■ ■ : v..- ■ ^' 'V.-. ■ ■ ■ 

The bit allocation table updating is perfomied by cpmpjiring themeasured signal 

10 to noise ratio (ST^) in each channel \vilh a constellation signal to noise ratio SNR[Cj], 
that has been augmented by a trial noise inargin SNRa[Cj] ^ SNR[Cj] + M. The 
constellation signal to noise ratioy 

('^constellation size") that can be transmitted over a channel j given a: specific signal to 
noise ratio SNRjjwheire e^^ 1 to 15 ^ The value of the 

15 margin M is dependent on the difference between the amount pf data (iie , hurtiber of 
bits) that can be transniitted across the channels in accordance with the augrnented con- 
stellation signal to noise ratio SNRa[c^ 

ted (the "target data rate"), N. The value of this margin is yaried in prder to optinuze it 
for the particuk 

2o-:^'. noiscTatios^; SNRj:r'; a l-V". ■> . ■ > ■•. ; ; 

In particular^ the total liuinber of bits that rtiaybe^^^^^^^ 

each characterized by signal to noise ratio SNRj, is N^^ ^ , where the respective 

Cj ar^ detennined front the mi^asured signal to noise ratios, SNRj. See, for^xahripie, 
"Digital Communications" by John G. Proakis, pp. 278ff for channel capacity calciila- 
25 tions for quadrature aniplitude modulation (Q AM) systeniis, the preferted ibhn of 
transmission for this invention. Preferably, the channel capacity calculations are per^ 
fonned in advance and stored in the fgrni of lookup tables for rapid access. In the pre- 
ferred embodiment described herein, the margin M is deterrnined as M = (lO/J)* 
(Nmax " The augmented consteHatipn signal to noise ratio is then given by 
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'^ SNRa[Gj] SNR[Cj] + M^^ 
as described above) the number of bits that can be irzuismitled oyer a channel. . By aug- 
hi^nfihg the 

to noise ratio, SNRj, fewer additions are required, since the ra^hge of coristell^^ 
5 (e .g., Cj = 1 . , • 1 5) is typically smaller than the range of channels (e.g., j - 1 . , . 256). 
As long as the amount of data thai can be transmitted over the channels in a 
given interval differs (as dei^rrnihed by the calculations just described) from the amount 
of dat a desired to be transmitted in that inteml, i .e., N N, and assijming that cier- 
tain other exit conditions have not been satisfied, the receiver cycles through a loop that 
10 repeatedly adjusts the margin M and fecalculates Nmax. To do this^ the receiver sets a 
Mgh margin thresho^^^ and a low niargin threshold Ml- Du^^ 
in \«/hich the bit allocation table is to be fecalGulated, the high threshold andi low thresh- 
old margins are initialized to either a first state (Mh = 0, Ml= (10/J)*[Nnmx - N]) or 
a second state (Ml = 0, Mh= (10/J)* [Nniax - dependent on whether Nmax is 
15 greater than N or less than N. 

Thereafter, in each iteration, either the high or the low margin is adjusted in the 
search for the condition in which N^ax — N Specifically, at the beginning of subse- 
quent (non-initialization) iterations, the margin is set to the average of the high and low 
margin thresholds, M =^ (Mh Ml)/2, and the augmented constellation signal to npise 

20 ratio SNRa(Cj], the bit aljocatipn table B(j], and the calculated capacity N^ax are de- 

. tfefmined: ^ ■ ■'" ^-^^ --^ ' '"-^ ^•■■•■.i= h.,- ■" . v.. ^-r;- ' 

: If the calculated capacity e^^ 

ceiver incrieases the low margin threshold margin tb M^i e^, it se;t^ Ml== M. If the caW 
culated capacity is less than the desired capacity, i.e., N^ax^ N, the receiver decreases 

25 ; the high threshold. I.e., it sets Mh.= 

The re<:ejiyei; e;qts fronn the loop on the occurrence of any of several conditions, 
A first occurs when it is determined that N^ax = This is the desired solution, and 
represents an optimum equal distribution of margin over the communication channels. 
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A second occurs when the test condition^ -- N) is diverging^ ; A third Occu^^^ 

the desired equality is hot achiesved afler a jd^^ 

implerriehted aecording to the preferred embodiment described he;rein,v^e haiye fo^^ 
• limit of 16 iteratipris^ ^^^--^^^^ ; > s ^ v 

briefi)esc:r^ ' 

Fig. 1 is a schematic diagram ot an ADSC conimunications sysle;^ 
allocation tables in accordance with the present invention; 

Fig. 2 is a diagram of control and data frames as used in connection \vith the p^ 
/ -senrinventidnr'. ■ . v: -V-,y 

' Fig 3 is a graph illustrating a m^ 
Fig. 4 is a graph illu^tralingl sigri^^ 

Fig. 5 is; a graph illustrating bit loading and margin for a rhulticaitier cpinmuni* 

qation systejrnr:^^' ■■ -.r ^■^ ^:i■^v:■;. :;;v 

Fig. 6 is a flow chart illustrating a bit loading algorithm for a multicarrier com- 
munication system. 

Fig. 7 is a flow chart illustrating initialization for the bit loading algorithm of 
Fig. 6. . , ' 

Fig. 8 is a flow chart illustrating operalion of a receiver software for calcutating, 
modifying, and synchrbnizing a change in a bit allocatidn table vised in a miilticarrier 
communication system. . . ; 

DETAILED DESCRIPTION OF AN nXUSTRATIVE E 

In Figure a transnriitter 10 for use in asyncl^ 
, (APSL) conmunications has .fir^^^^ and second bit anoeatipn tables 1 ^ and 14 for use in 
^^assigning, 

data to a plurality of channels for transmission to a remote receiver 16 which has corre- 
sponding bit allociation tables 20 and 22 . The tables operate in pairs under coVilrdl of a 
table controller 24 at the trahisrni^^ aceoWaricb'with ADSL^ a digital signal 

s(t) to be transmitted to a receiver is distributed oyer a pltirality of channels fi, £2, , . . 
fj, in accordance with channel allocation assignrneiiis stored in the bit allocatiori taW^ 
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Ih particular, the tables B(j] define; for each ehamiel jv the number of bits that can relia- 
bly be transinitled over a particular channel at a given bit error rate at the specific signal, 
to noise ratio measured for that channel These tables are deterrnined as , 
detail herein, and^ may vary from time to time during the ccmrse^ o^^ 

. At lany given lime, a single table,^^,g., table 12, is used for transmission at the 
transmjUef^; and a cpn^e§pqnd^^ is used for reeepliori the re- 

ceiver; These tables are images of ^ach other, i.e., contain the same data, and are used 
in pairs, so that reliable communication can occur; Similarly, tables 14 and 22 are im* 
ages of each other and are used in pairs. 

A table control unit 24 at the receiver controls the formation of the bit allocation 
tables 1 2, 1 4, 20, and 22. It measures the sij^nal to noise ratio oh each of the channels 
fh ^2? ... fj/ compares the measured values with^^^^^^^^^ 
capacity of a channel at given signal to noise values, aiignient^ii wi^^ 
described herein, and thus determines the bit allodadori for each c^^ 
13 lions so defined are stored jh the tables 2b and 22 at the received They are also trans- 
mitted back to the transmitter, e g., via a control channel 26v and are there stored as the 
tables 12 and 14, respectively. After initial loading, the tiransniission is advam^ 
arranged such that only updated tables are iransrnitted back to the transrnitter. . = ; . 
At the transmitter 10, a table switch 
20 (12, 20; 14, 22) arfe to be iised in a given trailsmission and reception.: ^Typieally,!^^^^^ 
pair Will continue in iise until the Communication conditions change suffi^^ 
bit allociitions among the channels change At that time, a new table miist ibe fprmed at 
the received, and corrimimicated to the transmitter. Wheni this occurs/ the ta^ 
unit 28 typically will switch to the new table for subsequent transmissions ,\\^en it do 
25 so, it transmits a flag to the receiver that indicates that a switch to the alternative pj^r is 
to take placib. This svvitch will usually be made effective as of the nextsuperframe, but 
may, by prearrangement with the receiver, be made effective at sbmic agreed upon point 
after that. 

Fig. 2 is a diagram of a superfirame 30. It is fonned from a control frame 32 and 
3b a number of data friames 34 During the control frame interval, the transmitter sends to 
the receiver a knotvn signal from which the receivercan measure the signal to noise ratio 
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of ^ach of the ehanhels^to^ The remaining frarnes p 

the siiperframe comprise data frames for the transmission of the desired data.. In a pre- 
ferred embodiment of the invention, there are one control frame and 68 data frames, 
each of 245,5 microsecond duration- for 

5 . Referring to Fig/ 3/a graph ^ 

graph 100 has a horizontal axis 102 repifeseritiri 

are toward the left side of the axis 102 while higher frequencies are toward the right side 

of the axis 102- The graph 100 illustrates that a multicanier sig^^^^^ 

Crete carrier signals, is transmitted via carriers at frequencies fi, fj, . - . fj. 

10 Each of the carriers shown in the graph 100 is capable of transmitting a certain 

nuniber pf.bits of information. Accordingly, the total number of bits transmitted via the 
' mujticariier: signal is the sum of the ngrnber of bits that can be transmitted by each of the 
carriers.. For exampl^^^^^^ 

the sigrial shown in the graph 100 can tran$mit a total of J*3 bits of information. 

15 In a preferred embodiment, each of the carriers transmits information using 

quadrature amplitude modulation (QAM)/ a convention^^^^^ encoding tech- 

nique where different combinations of aniplitude and phase of each carrier sigriaj reprie- 
seri^differen^digital values. For exar^ 

difFereni possible amplitudes (Al and A2) and two different possijbie phases (PI and P2) 
20 " so that the carrier can represent one of foijr possible values; a fir^t value when the car- 
' rier signal has amplitude Al and FT, a second value corresponding to a combination Al 
= ' and P2, a third value corresponding to a combination A2 and PI, and a fourth value cor- 
• responding to a combination A2 a 

phase for a given carrier signal is called a "constellation". : Note that the number of bits 
25 that can be transmitted; via a particular carrier is a function of the maximuni possible 
constellation size for that cam 

For each carrier, the maximum size of the constellation, and hence the maximum 
nunibef of bits that can be transmitted via that carrier, is a function of the signal to noise 
ratio (SHR) of the corrimunicatipn channel and is a function of the desired bit error ratio 
30 (BER). The BER is the number of single bit transmissip^^^ 
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number of bits transmitted, increasing the number of discrete amplitudes and/or phases 
associated with a particular carrier (i.e., increasing the constellation size) increases the 
likelihood of bit errors. The BER increases with increasing constellation size because, 
as the number of discrete amplitijdes and/or phases ihfcfeases/t^^ 

ference between discrete phases and/or amplitudes decreased and hehc0 tKelability of the 
receiver to distinguish between diifferent phase and/or amplitude values decreaseis. ' 

The relationship between BER and SNR is well-known in the art of multicarrier 
communication. Tables are available that show the minimum SNR that can support a 
BER of a fixed amourrt or less for a given cdnsteilatibn size. For example, the table 
10 shown below, SNR[Cj], a constellation signal to noise ratio, indicates the mininium 
SNR needed to transmit a constellation having the indicated size in order to obtain an 
expected BER of 1 0'^ (i.e., an error of one bit per every 1 0^ bits that are transmitted.) 
Note that as the eonstellation size inpreases, the minimum required SNR also increases. 

Constellatiort size c (in bits) SNR fequirement 

15. ■ .. 2 . 14dB:-- ■ ■ ^ :'■ 

4- . ' ■ ' .-i---. ..rr- . / ■ 21 dB . ^ 

: ' 24dB; . " ■ : 

20 Referring to Fig^ 4, a graph 1 lO illustrates ai relationship between SNR and fre- 

quency for a communication chaiinel transmitting a multicarrier signal hiaving ckriiers 
between frequehcies fj and fj. A vertical axis 1 12 of the graph 1 10 represents SNR. A 
horizohtal axis 1 14 of the graph 110 represients frequency in a mahrier similar to that il- 
lustrated in eon^^^^ the hbrizont al axis102 of the graph 100 of Fig. 3 . 

25 A plot 1 1 6 shows the relationship between SNR and frequency for the frequen- 

■ . . . . ■ , ^ ^ ■ ^ . 

cies between fj and fj, the lowest and highest (respectively) carrier frequencies for the 
multicarrier frequency signal. The plot 1 1 6 illustrates that the SNR varies: accprding to 
frequency so that, for example, the SNR at frequeney fm is lower than the SNR at fre^ 
quency fn- Based on the table shown above, it is possible that, for a given BER, the 
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•■■■■-10-. 

cbnsiellatioa^ s supppfted by the earner freiquency^ f^ smaller than the constellation 
size supported by the Gamer frequ^ ' • ^ a 

Refeijing to Fig. 5, a graph 12Q vses a plot 122 to ill^ 
tionshjp.betvvee^^^^^^^ and frequency. The grapji 120 is similar to the graph 110 of 
Fig. 4 . The vertical axis of the graph 120, which represents SNR, has superimposed 
thereon the SNR requirement numbers from the table, shown and discussed above, that 
relates rninirnum SNR requirements with consiellatiort size for a BER of 10"^. The 
graph 120 shows that an SNR of 14 dB is required tp support a constellation size of tv/o 
bits and that SNR's of 19, 21, and 24 are required to support constellation sizes of 
three, four, and five bits, respectively. Based on this, it is possible to use the plot 122 to 
determine a maximum constellation size for each of the carrier frequencies beitween^ f^ 
and fj. For example, the plot 122 shows that any carrier frequencies between fi and fa 
can support a maximum constellatipn size of four bits since all portions of the jplot 122 
between fi and fa are greater than 21 dB (the minimum required SNR to support a con- 
stellation size of four bits), but less than 24 dB (the minimum SNR for five bits). No 
carrier frequencies between f\ and fa can support a constellation size of five bits at the 
BER used to generate the miriimum SNR requirements. 

The portion of the plot 122 between fa and fb is shown in Fig. 5 as being greater 
than 24 dB. Accordingly, carrier fi'equencies between fa and fb can support a maximum 
) qonstellation size of at Similarly, carrier frequencies between fb and fc 

will support a ma^^ size of four bits; carrier frequencies between f^ 

and id win support a r^ Carrier firequericies be- 

tweeh fd and f^: will support a maximum iconstellation size of two bit?^ and cajrier fre- 
f quencies between fc and ij will support a nrispdmuni cgnstellation size of three bits. 

5 The difference bfctween the m actual transmission 

channel SNR is calleid the '^margin" :• For examplfej the plot 1 22-shows that iC fpur bits 
aire used at the canier frequericy fi, the -cariier frequency at fj will have a rriargin 124 
somewhat greater than zero since the SNR at fi is shown in Fig. 5 as being greater than 
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the rninimum SNR requirement of 21 dB Similarly^ it is possiW 
maximurn supported constellation size at a particular carrier frequency. For exarnple, 
although the plot 122 show? that a carrier at the frequency fa will su constellation 
size of five bits (since the SNR at fa is 24 dB), it is possible to encode tjhe ra Jit th6 
frequency fa with only three bits. In that case, the margin at the fTequen^^ 
ference between the transrnission channel SNR at fa (24 dB) and t^ 
support a constellation of three bits at frequency fa (19 dB)^ Acqordirigly, the rnargin at 
frequency fa is 5 dB. 

In instances where the multicarrier signal is used to tran$nriit the maximum num- 
ber of data bits, then the SNR of the cdrnmuriication channel is first rneasured and then 
each carrier is set to the maximum supported constejlatipn size. However, inmany ap- 
plications, the multicarrier signal is used to transmit less than the maximum pbssible 
number of bits. Inthose cases, it is advantageous to maximize the overaU margin of the 
signal to thus reduce the error rate. This can be illustrated by a simple example: 

Assume a two-channel multicarrier signal has a niaximurn constellation size of 
five bits for the first carrier and four bits fdr the second carrier. Fiiitheir assume that it is 
desirable to use the signal to transmit six bits. One way to allocate the bits among the 
two carriers is to use the first carrier to transmit five bits and the second carrier to 
transmit one bit. In that case, however, the margin for the first carrier is relatively small 
while the rtiargin for the second carrier is relatively large There wiU be many more er-^^^^^ 
rors for bits transmitted^via the first carrier than bits transniitted via the second 
and, since most of the bits are being transmitted via the first canier anyway, then the 
overall error rate of the signal, while below the target BER^ is still higher than it has to 
be in this case. A more advantageous way to allocate the bits might be to allocate three 
bits to each of the two carriers. In that case, both of the carriers operate with a rela- 
tively large margin and the overall error r^te of the signal is reduced. 

Of course, in many multicarrier communication applications, there are hundreds 
of carriers and hundreds to thousands of bits that are transmitted- In addifiort, it is nec- 
essary to allocate the bits in a relatively rapid manner since time spent allocating bits is 
time not spent communicating information. Furthermore, it may be necessary to reallo- 
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cate the bits during communication^^^ 
■■dynamically. / ^--^y'^.- ^■■■'■^^:[' 

Refelting to Fig: 6j a flbw ehait 150 illtistrates a technique fo^^ 
afnong carriers of a multicarrier sigriali' Prqcessihg begins at a first st^p 1 52 where van* 
5 ous quantities used^tb allocate the bits are initialized. These quantities include MH, the 

high-bound for the niargin/ MLv 

counter which is described in more detail below. Following step 152 is a step 154 where 
the margin, M, is calculated by averaging Mh and Ml. ^ 

Following step 154 is a step 156 where a table indicating required SNR for vari- 
io ous constellation sizes, RSNTl[c], is calculated. RSNR[c] is a table having entries equal 
to the sum of the margin, M, and the minimuni SNR requirements that can support a 
cbristellation of size c, and thus comprises an augmented constellation signal to noise 
ratio, Sl^a[Cj] = SNR[Cj] + M FoHowing step 1 5^ is a step 158 \yh^re a bit table, 
B[j], is calculated. Bp] is a table of the ma^cimum number of bits that can be allocaied to 
15 each of the carriers fi, . . . fj, given the values stored in RSNR[c]. The maximum num- 
ber of bits are allocated for each carrier m a manner similar to that discussed above in 
connection with Fig. 5. ' ^ 

Following step 158 is a step 160 where^ 
^ sehts the maximiim nurnber of bits that can be transmitted on the channel and is deter- 
20 "mihisd by sunvTiirig all of the values in the table B ^Since the table fiyj contains tte 
max^ each carrier based oMhe rninimum 

reqijired SNft fo the calculated margin, then Ntnipc rep 

sents the maximum number of bit^ that can be: transmitted oh" the channel wherein each 
of the carriers has a margin of at least M, v o 

25 Following the step 160 is a test step 162 which determines ifNmax equals N 

where N is the number of bits that are to be transmitted using the multicarrier signal If 
Nmax does in fact equal N, then processing is complete and the bit table B[j] represents 
an allocation of bits among the carriers of the multicarrier signal wherein each carrier 
will have a margin at least as large as M. 
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If it is determined^^a^^ 

l.ng transfers frpm the lest SI 162 to a test step 164, Note that if N is jess than Nmax, 
/ then the margin can be increased (m^^ 
. . Similarly, if l^is iiotjess^t^^ then the margin is too Urge aiid needs tq be de-- V 

5 - Greased in the next iteration. If it is determine^ at the t est step 164 that N is less 
Nynaxv the control transfers froni^ 

bound on the margin, is set equal to M Setting Ml eqtial to M efl^^ 

Ml, causing an increase in the value of the margin, M, that will be calculated bn^th^ 

next iteration at the step 154. ' 

JO Conversely, if it is determined at the step 1 64 that N is not less than Nmax» then 

control transfers from the step, 1 6^^ 168 where Mh, the high^^^ 

margiri^is set equal to 

value of Mvtb decrease wh at the step 154 on the next ite^^ 

Control transfers from cither the step 166 or step 168 to a step 170 where the 
15 iteration cbiinier,;k^ Fbllowing the step 170 is at test step 172 which d^^^ 

iennines if the itera:tibh counter is less than the maximu allowable value for the itera^ 
tion cOunter; Kmax. The itm that the ilgorithm will 

terminate after a certain number of iterations even if the terminating condition at the 
step 162 (i.e., Nmax ^ N) »s never met. In a preferred embodiment, Kniax equals 16. 
20 If it is determined at the test step 1 72 that k is npt less than Kjx^ax, then control 

transfers from the step 172 to a step 174 where the remaining bits are neither removed or 
; , added to the bit table, as appropriate. Bits are added or removed the step 174 in 
, a random or pseudo random manner so that the sum of all allocated bits in the table B[j], 
_ ; equalsN, the number of bits thatare. to be transmitted via the. multichannel signal Note 
25 that in this instance, there is no guaraiitee that each of the carriers h^s 9 margin of at 

least The step 174 is simply executed in order to finalize the allocation process if the 
algorithm is unable tb meet the termination condition at the step 162. 

If it is determined at the test step 172 that the iteration counter, k, is less than the 
predeterrnined maximum value for the iteration counter, then control transfers from the 
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step 172 to a test step 176 which determines if the algorithm is diverging, i.e., if (Nmax^ 
IsT) lis inereasihgr^U^ for the ajgorithrn to converge 1sb that th^s va^^ 

gets doser id the value of N with'ea^ iteratidh beeau$e the algorithm terTminates whbh 
Nmax e:quals l^ at the test step 162:: Hd^ is deterinihed at the test st^^ 

5 ih^ vkliie of Nmax is ac^^ getting farther frdrri the value of N witlt^ach^iteratidni then ; 
control iransffei's fix^ the step 174 wh^re?the rernaihihg bits distrib- 

uted randomly among the values in ItHfe table B(j], as discussed a^ 
•■■ essingis cornpletje... f ^'..r ^^^.Z . -rf^' --^i- :i; . -v: 

If it is determined at the lest step 1 76 that the algprithm is not diverging, then 
io control transfers from the step 176 back to the step 154 where the margin is calculated 
for the next iteration. The margin calculated at the subsequent iteration 154 will either 
bdiess thari or greater than the niargiri calculated oh the pre\^ 
ijpoft whether Tsl was less than Nmax or not: at the test step 1 64, as discussed above. . 
Refening to FIG: 7; a flow chart 180 illustrates^^^^ 
ly for the step 152 of the flow chart 150 shown in FI^^^ 

tered and processing begins at a step 1 82 where the transmission characteristics of the 
channel are rneasured to dcteiTnine the signal-to-noise ^^m^^^ the carrier fre- 

quencies of the multicarricr signal, As discussed above in connection s 4 and 

5, the tf ansmission chOT signaUto-noise ratio may be a function of frequency. Meas- 
20 uring the channel transmission characteristics at the step 182 is discussed in more d^taiil 
hereinafter 

following the step 182 is a step 184 where the minimum required signalr-to-noisfe 
ratio table, SNR[c], is initialized. As discussed above, for a given bit error ratid (BER), 
the rriinimum required SNR for each constellation Size, c, fcah be dietermined via: conveii- 

25 tional calculations known in the art or by looking up the values in a te>rtbook. Fbltow^ing 
the step 184 is a step 1 86 v/here the bit table, )3[j], is calculaited. Cilculktion of the bit 
table at the 5tep 186 is similar id calculation of the bit tabl^ at the step ISS discussed 
above in connection with the flow chart 1 50 of FIG. 6, except that the unaugmented 
ShfR table is SNR[Cj] used at the step 1 86 rather than the RSNR table which is used at 

30 the step 158. Using the SNR table at the step 1 86 eiffectively calculates the bit table. 
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BO], ^ith a margin of zcrQ Following the step 186 is a step 188 where Ninax Is Gd^ 
lated. The step 188 is similar to the step 160 discussed above in connection with the 
flow chart 150 of FIG. 6; Nhiax is simply the surii of all the entries in the bit table, B|j]. 

Following the step 188 is a step 190 wh^rrii is deiem^ equals If 

Nmax does equal N at the step 190, then pfocessihg is complete for tHe enti^ algorithm 
(not just the initializalidn portion) since the channel will only support N^iax bits of • 
transmission. That is, if Nmax equals 1^1 at the step 190; there is no point in cohtihuihg 
with the algorithm and calculating a margin since, by default, the channel can transmit no 
more than N bits. 

If it is determined at the test step 190 that Nniax does not equal N, then control 
transfers from the step 190 to a test step 192 where it is detentiined if N is less than 
Nmax- Note that if K is not jess th^n Nmax 3t the step 192, then the channel will not 
support transmission of N bits at the BER used to construct the SNR table at the step 
184, That is, the bandwidth of the channel is too low. However, , in this case, the algo^ 
rithm can continue by calculating a negative margin and simply proceeding to maximize 
the negative margin so that, although/the BER that will be achieved will exceed the de-^ 
sired BER, it is still minimized given the requested data rate. In another embodiment, 
the algorithm can terminate at this point and indicate that the bits caiinot be allocated. 
In yet another embodiment, the algorithm can be rerun using a higher BER and 
(presumable) lower minimum SNR requirements for the various constellation sizes. 

Ifit is determined at the step 192 that N is not less Jhan N^^x 0^^^ system 
will be operating with a negative margin) th^n cqritfol trans^^ frpm the step 192 to a . 
step 1 98 where the low-bound on the margin Ml, is set to zero,' FolloA^ang the step 1 98 
is a step 200 where the high-bound on the margin is set using the formula Mjc =^ 
(10/J*)(Nniax"'N) Note that, however, in this case the high-bound ori the margin will 
be set to a positive value at the step 200 because Nmax - N will be a positive number. 

Following either the step 200 or the step 196, control transfers to a step 202 
where the iteration counter that is used to terminate the algorithm after a predetermined 
number of iterations is set to one. Following the step 202, the initialization routine is 
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exited so that the remaining 

: ; ; J 5) The ibiiiiula^used^ atji/he step 196 and tp^et Mh at the step=2Qp prp- 

7 vides upper 

5 spnable number of iieraiions While en that the final margin does not fall outside the 
range between M and Mh. Of course, it is possible to practice the invention using 
pther forrnulas or technique^ for ^^^^ 
Refemngtpn^ 

the receiver to allocate bits arnong the different carriers of the multicanrier signal and 
10 synchronize changes in the bit allocation table with the transmitter. Propessing begins at 
a first test step 262 which determines if the receiver has received a reference frame. A 
reference frame is a predelermined and delectable frame of special data bits that is pro- 
vided by the transmitter to the receiver to allow the receiver to detemine the channel 
characteristics. In a preferred embodiment, the reference frame is trarisi^^ peribdi- 
13 cajiy, although other converitiond be used to deterniirie whiether the refr 

erence frafiie should be sent by the transniitter: The reference frarile 
receiver using any one of a variety of cbnventipri^l tetKruques such a^^^^ in 
a packet indicating that a reference frame is being pfbvided. Use of a feferethcfe ifram in 
cGnnection with mullicanier cotnrriurucation is well-known in the art. If a r^ferehce 
20 frame is not received at the step 262, the software loops back to the test step 262 to poll 
for receipt of the reference frame. . ' ■ 

if it is dfeteniiined at the test step i62 that a fefeehce fr^^^^ received, 
/ thert fcdritrol tf ari^ 
friamfe'arfe hieisure 

25 Note that since the reference frame is a pred Know ex- 

, , actly what \yas sent by the tiransniitter. Therefore, any differences between the data re- 
ceived by the receiver and ih^ expected values for signal data can be accounted for by 
errors induced by the transmission channel. These errors are measured at the step 264. 
Following the step 264 is a step 266 where the receiver determines the channel 
30 characteristics based on the errors measured at the step 264. This is done in a conven- 
tional manner using tecliniques for determining channel Characteristics based on detected 
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transmission errors. Following the step 266 is a step 268 where the receiver alloeates 
various bits among the carriers using, in a preferred embodiment, the technique dis- 
closed above in cohJiectioft\^nthF^ 

iFdll<pwing the step ^68 is a test step 27ftiwhiehvdeternrune^^ 
table providied at the step 268 is different than the p ; 
it is determitied at the step 270 iFthere is a difffer^^ 

aJlocation table and-the previous bit aJloc^^^ test step 

270 that there is no diflTerence (i e., that the bit allocatibn tatrle has not changed), then 
control transfers from the step 270 back to the step 262 where the software waits for the 
transmitter to send another reference frarne. Otherwise, ifitis deterrnined 
270 that the ne\y bit allocation table is different than the ojd bit allocation table, then 
control transfers from the step 270 to a step 272 w^^^ the receiver to 

. the transmitter indicating that the bit allocation table has changed. In a preferred em- 
bodiment, the flag is sent at the step 272 via a single carrier of the niuUicamer^^^^^ 
that is reserved for use by the transmitter and receiver only for the flag. In another elii- 
bodiment, the reserved carrier can aJso be used to transmit the new bit allocation table: 

Following the step 272 js a step 274 ^yhere the receiver sends the new bit alloca- 
tion table, determined at the step 268, to the transmitter.;; 

trol transfers back to the test step 262 to poll and wait for the transmitter to send an^ ^ 
other reference frame. 

While theririvention has been diseased in Gonriection with the pref^ 
ments shown and described in detail, various modifications and improvements thereon 
will become readily apparent tot hose skilled in the art. Accordingly, the spirit and 
scope of the present invention is to be limited orily by the following claims. 
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1. In a multicarrier modulation system having a pliiraU 

ling data at vai^^ triuismitter to a receiver dependent on the signal to 

noise ihatib diPthe tesp^^^ ; ■ 

A. nicMS ibf sJloGatii^ 

dance Avith an initial signal to noise ratio lor the corresjDonding channel- 
" B means for repetitively calculating trial noise margins across saijd jchannels, 

C means for tepetilively combining said trial noise,marginS;wit^ the said ^ 
^ signal Ib^rt^^ 

tids for saitf chahrieiiis for u$^^^ 

2: A niuUicarrier mo^^ 1 in which said margins are 

add^d to the constellation si^ 
said . modified r^ios, 

3V A miilticarrier modulation syistem acc!brdihg td daim 2 in are 
addeid to said sigiial t6 ndisci r^tids eSqually acrbi^ s^^ ^ 

4. A multicarrier modulation system according to claim 3 which includes means for 
dtefirurig upper and lower margin thresholds MHl ^^d ^^ noise 
nurgiris being defined as a combination of said ^. - 1 51 

5. A multicarrier modulation system ?iccording to claim 4 in which said combination 
is formed as an average of said upper and lower thresholds. 

6. A multicarrier modulation system according to claim 5 in which at least one of 
said thresholds is determined as a function of the difference between the amount of data 
transmissible across said channels in accordance with previously specified signal to noise 
ratios associated with said channels and the amount of data desired to be transmitted 
across said channels. 
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7. A iDuhicarrier modulation system acebrdirig to claim 6 in wKch at least one of 
said thresholds is set torero. 

8. A muliicarrier modulation systeni according to claim 6 whiqh includes n>ean^ for 
terminating data allocation when the amount of data irajismissibl^^^^ channels in 
accordance Avith previously specified signsd to noi?e ratios associated v/ith said chanriels 

: equals the amount of data desired to be transmitted across s.a^^ 

9. A multicarrier modulation system aeeord^^^ means fof 
terrninating d^ta allocation when 

10. A multicarrier modulaiioh system aGcording to claim 6 v/hjch indudes mea^^^^ 
terminating data allocation after a defined number of iterations of margin ca^^^ 

over said channels^ 

1 1 A multicarrier modulation system according to claim 1 in which said Ynean^ 
calculating trial noise margins comprises: 

A. means for defining a trial margin that is a fiiinctibn of the differehce be- 
tween the amount of data aliocable to said channels in adcordance with 
said initial signal to noise ratios for the respective channels and the 
amount of data desired to be transmitted, and 

B. means for repetitivdy adjusting said trial marg^ in accordance with the 
relation between the amount of data transmissible abross said channels 
when the signal to noise ratios of Said channels are augmented by said 
trial margin and the amount of data 

C. transmissible across said chaimels in accordance with a prior ^d 
tion of said signal to noise ratios. 
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12. A multicarrier modulation system a to claim 1 which includes means for 
periodically transmitting a reference frame from the transmitter to the receiver across said 
channels^ and means for measuring the signal to noise ratios of said channels from the 
iransmittecl reference frame, siaid^^^m^ 

across Vaid thaiineis^t^ the stignal t6 hois^e rat^ in the most recently ir 'ru:is;^:x--. 

transmitted frame as the initial signal to noise ratios for calculating said margins in the in- 
terval between said friihe and the next framef^^^^^-^^^ - ^ 

13. A mijlticjami^ md^Ulat^^ first aind 
second memory register sets at both said transmitter an^ said receiver for sto 

data allocations in accordance with signal to noise ratios associated therewith, and rneans 
for transnriitting fro^ the transmi^^^^ ^9 the receiver a flag indicating which of the register 
sets is to be used for subsequently receiving data from said transmitter. 

14. In a multicarrier modulation system having a plurality of channels for transmitting 
data at varying rates from a transmitter to a receiver dependent 6n the signal to noise ratio 
of the respective channels, the 

A: . nieans for allocating data to respective ones of said qharuiels in accordance 
with initial signal to noise ratios measured for the corresponding channels, 

B. means for calculating a trial noise margin acro.ss said channels as a function 
of said initial signal to noise ratio and the difference between the amount of 
. : data transniissible over s^^^^^ 
, the amount of da^^ 

C: means for augmenting the initial si^gna^ 

chaiinel by the trial noise margin to thereby define an augmented signal to 
noise ratio for use in defining a revised estimate of the amount of data 
transmissible over said channels, . 

D. means for repetitively defining successive trial noise margins as a ftmction 
of the augmented signal to noise ratios and the difference between the 
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amount of data transmissible over said- 

to noise ratios and the amount of data desired to be trarisniitted until 2m , . 
: ■ exit condition is reached; : : . ; ^ 

15. A multicarrier modulation system according to claim 14 in which said exit condi- 
tion comprises equality between the amount of data transmissible over said channels with a 
particular set of augmented signal to noise ratios and the ambuht of data desired to be 

' transrhitted^ 

16. A multicanier modulation system according to claim 14 in >yhich said exit condi- 
tion comprises an increase in the difference between the amount of data transmissible over 
said channels with said augnriepted signal to noise ratios^ an4 the amount data d 

he transrnitted as deterniined on succe^^ 

17. A multicarrier modulation system according to clairh 14 in which said exit condi- 
tion comprises determinatipn of a defined number of succeissivetria^ 

18. A multicarrier modulation system according to clairri 14 which incliideS means for 
periodically transmitting a reference frarrie froiti the trahsnrdtter to the Receiver across ssiid 
channels, and nieans for measuring the signal to noise ratios bf said ch^ihhe^ the 
transmitted reference frame, saidl means for calculafirig tnaj hpise'h^^ said ' ' 
channels using the signal to noise ratios determined in the most ifecently transniihed^^ fr^^ 
as the initial signal to noise' ratios for calculating ^aid margins in the interva.1 between said 
frame and the next frame. 
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. 1 19; A mult icarriier modulation system aecordm^^^ 

2 second memory register sets at both said transmitter and said receiyer for storing chsin- 

3 nel data allocations in accprdance with signal to noise ratios associated therewith^ 

4 means for transmitting from the transmitter to the receiver a flag indicating which of the 
3 register sets is to be used for subsequently receiving data firGrii said transmitter. 

1 20. , A method of allocating data to res 

2 nioduiatipn system having a plurality of channels for transmitting data at varying rates 

3 from a transmitter to a receiver, compnsing the steps 

4 A. allbcatirtg daU t6 respfe^^^^ 

5 : rneasured signal tb noise ratio for t^^ 

6 B, repetitively calcijlating trial noise margins aero 

7 C. repetitively combiriing said triad noise margirts v^ 

8 noise ratios of said channels to form modified signal to noise ratios for 

9 said channels for us-e in reallocating said data thereto. 

1 21. A method according to claim 20 in which the step of combining said trial noise 

2 margins and said signal to noise ratios of said channels comprises adding a calculated 

3 trial noise margin to the cpristelljatipn signal to .noise ratios of said channels to thereby 

4 form an augipentf^d sigpal to noise ratio frqm which the amount of transmissible in 

5 said channel is deter™^ ^ ^ , . 

\ 22, A method according to claiin lO in vvHich the step of rejpekitively tsdcirf 

2 noise margins across said chaniiels comprises the steps of - ; ■ 

3 A. repetitively defining a trial margin that is a function of the diffe 

4 tween the amount of data allocable to said channels in accordance with 
3 said initial signal to noise ratios for the respective channels and the 

6 amount of data desired to be transmitted, and 

7 B. repetitively adjusting said trial margin in accordance with the relation 

8 between the amount of data transmissible across said channels when the 

9 signal to noise ratios of said channel^ are augmented by said trial margin 

10 and the amount of data transmissible across said channels in accordance 

1 1 with a prior determination of said signal to noise ratios. 
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1 23. A method according to claim 22 which further includes the steps of: 

2 A. periodically transmitting a refierehcefram^ 

3 receiver across said channelsJ 

4 B. measuring the signd to noise Ta^^^ 

5 reference frame and using th^signal to nojse ratios determined in the 

6 most recently transmitted frafne as the signal to noise ratios for C2()culat<^ 

7 ing said margins in the interval between said frame and the next frame* 

1 24 , A method according to claim 23 whi|h includes the steps of providing first and 

2 second memory register sets at both said trahsmitter and sa:idjreceiver for storing chan- 

3 nel data allocations in accordance with signaj to noise ra^^ 

A transmitting from the transmitter to the receiver a flag indicating wWch of the register 

5 sets is to be used for subsequemly receiving data from sai 
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